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From The Systems Approach by S. Ramo and R. K. St.Clair:
“Itis ... a reasoned and integrated, rather than fragmentary, look at problems.”

“It starts by definition of goals and ends with a description of a harmonious,
optimum ensemble of the required humans and machines with such a corollary
network of flow of information and materials as will cause this system to operate to
solve the problem and fill the need.”

| would like to impress upon you that regardless of how small your assigned task is,
you should always try to understand the large picture first. That is, where the
requirements are coming from? Is there better approach to your task in terms of
technology, materials, etc.? Your goal should always be to participate in the system
design, even if passively, keep your eyes open, be a team member. You must
understand how the overall goals affect the particular sub-system or component you
are working on and, vice versa, how your component is affecting the global design.
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O The main purpose of using RF cavities in accelerators
is to add (remove) energy to charged-particle beams at
a fast acceleration rate.

L The highest achievable gradient, however, is not
always optimal for an accelerator. There are other
factors (both machine-dependent and technology-
dependent) that determine operating gradient of RF
cavities and influence the cavity design, such as
accelerator cost optimization, maximum power through
an input coupler, necessity to extract HOM power, etc.

 Moreover, although the cavity is the heart, the central
part of an accelerating module and RF system, it is
only one of many parts and its design cannot be easily
decoupled from the design of the whole system.

O In many cases requirements are competing, hence
using the systems engineering approach should be
used.
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“| believe... in the fundamental interconnectedness adll things.” Crvomodule desiqn
Douglas Adams Dirk Gently’s Holistic Detective Agency W

/- Cavity design
Machine parameters Effects/cavity parameters Mechanical design
: _ A stiffness,
Pulsed operation Lorentz force detuning K T
/' tunability,
— thermal analysis
CW operation R F POWer dissipation _
in cavity walls RF design
—}, frequency & opergting R
. | temperature choice,
/ Beam Stablllty (HOM S) >'/ 0pt| mal grajlent’
High beam current ;il'; cavity shape optimization,
= Heavy beam loading [ number of cells,
1 cell-to-cell coupling,
- HOM extraction,
Low Qext » RF power coupling
High beam power < -
Availability of :
high-power RF sources /\4 Cryostat design
C= Input coupler design
Beam quality (emittance) Parasitic interactions
preservation ———}(input coupler kick, alignment) l HOM damper design
Low beam power » High Qext, Tuner design

microphonics

RF controls

Auxiliary systems: AC power, cooling water, ..\
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= Pulsed operation — Lorentz-force detuning — mechanical design, fast tuner for
compensation, cavity shape optimization

= CW operation — RF power dissipation in cavity walls — cavity shape optimization, operating
temperature choice, frequency choice, thermal analysis

= High beam current — beam instability due to interaction with cavity higher-order modes —
cavity and HOM absorber design for strong damping

= High beam current — heavy beam loading — tuner design to compensate reactive
component, RF controls

= Beam quality (emittance) preservation — minimize parasitic interactions (coupler kick,
HOMs) — input coupler and cavity design, frequency choice

= High beam power - low Q
frequency choice

= Low beam power — high Q

availability of high-power RF sources — input coupler design,

ext’

microphonic noise — mechanical design, feedbacks

ext’
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SRF linac diagrams: big picture
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In order to not lose the forest behind the trees, we will consider an example of SRF system
optimization for Cornell ERL as presented by M. Liepe at ERL’09 Workshop.
Most conclusions should be valid for other ERLSs.

Objectives

= Minimize cost (capital and operational)
= Meet beam specifications

= Maximize availability and reliability
Constrains

= Cavity constrains (Q,, field emission,...)
= Site constrains

> Optimization is only as specific as objectives and constrains can be specified.
» It is important to be realistic: neither too pessimistic, nor too optimistic.

Need to identify risk / impact parameters
= Cavity intrinsic Q — cost
= Microphonics level / peak cavity detuning — cost
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Optimization:

Optimization parameters

= Operating temperature and RF frequency — AC power (cost of operation)

Tcav' 1:TM01O’ Eacc’ QO’ QL’ PRF,peak’ IBBU yree T
Some of these parameters are given by the state-of-the-art in SRF technology, others are found by

Operating field gradient, Q, — reliability and cost
Loaded Q, RF power, and microphonics — cost
Cavity design, HOM damping and BBU — beam specification, cost

optimizations.

= ?

Principal beam parameters

Parameter Cornell ERL XFEL consequence
operation mode CcWwW pulsed 250 * 2K load per cavity,
linac energy gain 5 GeV 20 GeV factor =3 larger total 2K load
average current 0.1 A*2 3.10° A (e /lype, )?=4- 107
bunch charge 77 pC 1nC (Priom,er/Prom xre ) =400
bunch length 2 ps 80fs-1ps f <100 GHz for HOMs

emittance (norm.)

0.3 mrad- mm

1.4 mrad- mm

Cavity alignment, ...

energy spread
(rms)

2e-4

1.25e-4

Similar, but much higher
beam currents, Q, !
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Cornell Laboratory for
Accelerator-based Sciences and Education (CLASSE)

LT

E L | Matthias Liepe, ERL 2009 Slide 10 "

li
Cornell University, lthaca New York A

as
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» SREF resistance small but finite .
because Cooper pairs have inertia. 10 3
= nc electrons “see” an electric field!

AQ)/ K.T,= 1.89

+ BCS theory: Frequency and
temperature dependence of surface ;7]
resistance at low RF fields (7. S.c. -

transition temperature) G
D:U)
— t*T. /T ]
R oc f2 e( const*T,. /T) . .
BCS f 10 4 Residual resistance * .
. More resistance
More resistance the
the more

more the electrons are 14 <

.. nc electrons are 9| 1.5GHz

jiggled around. excited 10 : : . .

i 2 3 4 5 6 1

[ ] ' - — T

Real live: R=RgcstRres /T

Matthias Liepe, ERL 2009 Slide 11 B

E L s o e Cornell University, Ithaca New York

June 24, 2009 USPAS 2009, S. Belomestnykh, Lecture 7: Systems engineering 10



¥ Cornell University

4 Laboratory for Elementary-Particle Physics Dynarr“ C Ca_V| ty Iosses (2)

« Total power dissipated into cavity wall:

2
2 dS Vm:'(' R

P S
R/O-G

diss

=%RS£|I;I

* (R/Q)G given by cell shape and number of cells
= minimize surface resistance R,

— operate cavity at temperature such that
Rgcs < residual resistance R,

= R, = R, I.€. iIndependent of frequency!

— For given accelerating field gradient E___:
Pyiss / Ccavity length o 1/f

E L | | Matthias Liepe, ERL 2009 Slide 12 .

Cornell University, Ithaca New York
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Eacc
a) 1 nQ residual surface resistance b) 7 nQ residual surface resistance
_x10 (dream...) _x10 (still quite optimistic)
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« Lowering the temperature seems to be effective
as long as Q = Q(T) follows BCS and the
temperature dependent dynamic loads dominate
(reasonable lower limit 1.5 K)

« He-ll cooling might become unstable below 1.8 K
— tests required

« Another cold compressor stage is required for
each 0.2 K temperature step to lower
temperatures — investment costs and system
complexity increase

 See also: Talk by B. Petersen, ERL 2005

E L | | Matthias Liepe, ERL 2009 Slide 14 ‘

Cornell University, lthaca New York
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* Unless extremely small residual surface
resistances become reality in main linac
cavities in some distant future, higher

frequency (~1.3 GHz) SRF cavities give smaller
dynamic cavity losses at optimized temperature

— Important for multi-GeV ERLS!

— Also: Cavity surface area « 1/f2

— Higher frequency gives smaller risk of cavity performance
reduction by surface defects, electron field emission by
dust, ...

|
E L Matthias Liepe, ERL 2009 Slide 15 '

Cornell University, Ithaca New York
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« Why chose <1 GHz anyway in highest current
ERLs (BNL...)?

— BBU threshold current «< 1/f (assuming same number
of cells per cavity, same quality factor Q of HOMs)

— Average HOM losses « f2
— But: Construction cost increases with lower frequency!
— But: Operational cost increases with lower frequency!

— But: Risk of surface contamination increases with
lower frequency.

|
E L . _ Matthias Liepe, ERL 2009 Slide 16 .

Cornell University, Ithaca New York
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« For 5 GeV, 100 mA ERL:

— Fundamental mode frequency of 1.3 GHz and
realistic operating temperature of ~1.8 K
minimize AC cooling power

» Lower frequency only potentially beneficial
If highest BBU threshold is required

— Can increase BBU threshold by factor of < 2
(for same number of cells per cavity)

— Note: Other things can have similar / larger
impact on the BBU threshold current

— More later...

E L | | Matthias Liepe, ERL 2009 Slide 17 .

Cornell University, lthaca New Yark
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Accelerator-based Sciences and Education (CLASSE)

cratiyyg flels pradtions £,

Matthias Liepe, ERL 2009 . ;";'Fl":l',r.
E Cornell Uni 'plt,h New York Slide 18 i8>
Provnise fr a bighier ftere. arnell University, lthaca New Yor iR
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SRF linac cost estimate model

SRF cyomodules Tunnel Cryo-Plant
« # of cavities  Linac * Cryo-loads at various
: length temperatures
» # cells per cavity \
P ! -1 - Field gradient
« fill factor
Cos_t n|1_odel » Operating
o (main finac temperature
only!)
RF Power Sources . ...
* Power per cavity * Note: cost o« power?4
* QL, microphonics Note: R&D cost and facility
. cost are not included!
- # of cavities Mathas Licpe, ERL 2009
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total cost capital capital cost 10 Yr operating cost
1.5 operation 0.8 I 0.4
B total E’ tunnel § RF
g8 ] S o0s linac S 0.3 — cryo
o o g
@ | @ ——RF @
E -\‘“ E 0.4 cryo E 0-2
1+ m 1+
£ 05 Eoz — [ B 501
o 0.2 —— ——] o 0.
s I B e N — &M T ——1—
0 0 0
10 15 20 25 30 10 16 20 25 30 10 16 20 25 30
field gradient [MV/m] field gradient [MVi/m] field gradient [MV/m]
tunnel length number of cavities " cavity Q 0
1500 800 10
E 1000 600
.‘E-‘ \ - \ c’o 10 10 '-"‘-\\
: T,
< 500 — | 400 \\\
\\"N___ .
0 200 10
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
field gradient [MV/m] field gradient [MV/m] field gradient [MV/m]
10T peak power cryo AC power cryo power fractions
20 15 10
/ cav. dyn.
15 - —HOM
g / g 10 / g input C
5 10 r T 5 static -
2 & 5 ] ]
5 — =13 [= 8 z:_’:-:
-,/ N e —
0 0 0
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
field gradient [MV/m] field gradient [MV/m] field gradient [MV/m]
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11

1 ' - 10 ——— ' = 30 .
== construction — : - case 1j AC
0g \ —=-10 yr operation _ Cavity Q, —case 2 =2 cryo AL power
7T TN —— =,
5 0.6 — 520
% ¥ | Construction and A o a0 | 2 /
= operation cost /| Q@10 —— 815
S 0.4f 7 =~ 2., /
— - < [
(=] ,.,.----t""""l -_.-l-"’
< 0.2 __,.::::::::_...-—“ g‘ ; //
% 5% 20 25 30 Y0 15 20 25 30 Yo 20 30
field gradient [MV/m] field gradient [MV/m] field gradient [MV/m]
+ Q,-value has significant impact on cost (high impact and risk
parameter)
« Construction cost changes only moderately for gradients between
~16 and ~27 MV/m
« Operating cost/ AC power increases with gradient
» Select gradient at lower end: 16.2 MV/m = Less risk for same cost!
|
Matthias Liepe, ERL 2009 . S
E L; for a brighier fiere. C(inellll?n‘?ver;?tﬁihaca New Yaork Slide 22 ’«,::-_ra;.:r'
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E,..=16.2 MV/m

N9
o
|

N
o

relative cost [%)]
o
o

-
o

Tunnel RF power Cryomodules Cryogenic plant

+ Costs for cryomodules, cryogenic plant, and
the RF power sources are similar.

Matthias Liepe, ERL 2009 .
E L i o b Cornell University, Ithaca New York Slide 21 !

»»»»»»
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Field emission

Gamma radiation measured at DESY/FLASH . Exponential growth in
from cavity field emission

(PULSED CAVITY OPATIONY: FE with gradient

1HEAS E « Serious problem in cw
cavity operation

* Low trip rate essential
for light source!

=2« Favors lower

L}
e m
i

1.0E404 “Fras

R*=992e-01 [EIIEIIEEEE
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\ ézzf-
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Der(average): pSv.h”

1DE"'C|2 BEHE3E T

1LIEd] — | gradients
15 a5 30 ] ) N - :
I Gradient: MV/m High re“at}l]ltY- don't
*For ERL : 10pGy/h * 200 (for cw)= 2 mGy/h = 0.2 rad/h push gradient and RF

+10 years of operation: 100 Gy = 10,000 rad (at 5000h/year) power to limit
-Same as FLASH/XFEL at ~ 25 MV/m

— Need strong shielding of electronics in tunnel! e —=16.2 MV/m

General App aciation of Radiation Damage to Materials

Semiconductors
Electronics

8 10 Az O

B Destruction 100 i » » 2009 Slide 23 ;'-".@.15-

EOEO Damage Dose (Gy) sias v York ',.
O No damage BISSA248
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« CW cavity operation in ERLSs favors operation
at modest field gradients of 15 to 20 MV/m
= Near cost optimum
— Reduced operation cost (AC power)

— Reduced risk of field emission and poor cavity
performance

Note: Cavity designs with high surface electric peak
flelds might require operating at even lower fields!

= Increased reliability
= Simplified cavity preparation (compared to [LC)

Cornell University, lthaca New York

E L Matthias Liepe, ERL 2009 Slide 24 .
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 Cavity quality factor at operating gradient has
high impact on cost!

— Q, of 2-101° at 1.8 K is realistic for the near future
» Best performing TTF/FLASH module:

Module 6 CMTB
Meas Qo/Eacc average gradient 10Hz 500/800us
Status:13-Mar-07 Esch/Kos/Lil/lLan MKS
3.0E+10
(Courtesy of
s s R.Lange et al.
Q0 5 oE+10 == i, T8 K
1.5E+10 g2 e 20K
[ 1.0E+10 |

0 5 10 15 20 25 30 35 .
Slide 25 8"
Ed; Eacc[MV/m] es N

June 24, 2009 USPAS 2009, S. Belomestnykh, Lecture 7: Systems engineering 24



Cornell University

Laboratory for Elementary-Particle Physics

Cornell Laboratory for
Accelerator-based Sciences and Education (CLASSE)

-

il %

Slide 26

Cornell University, Ithaca New York B

]
ER
"

E L Matthias Liepe, ERL 2009 _;.7"
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Cost vs. peak cavity detuning

For 16.2 MV/m, Q,=2-10"°, optimal Q_:

1 14
"
12 /
0.8 //...---
7 // = 10
S X,
- 0.6 T g
o —construction with solid state § /
T ===10 yr operation TS
£ 0.4 S @ /
- == construction with |OT/Kklystron | x /
o ©
c g 4
02 __..---"'" - /
% 20 40 60 0 20 40 60
Peak detuning [HZ] Peak detuning [Hz]
= <20 Hz peak detuning is highly desirable...
B Mattrias Liepe, ERL 2009 side 27 8
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Machine o [Hz] 6o [Hz| Comments

CEBAF 2.5 (average) 15 (average) significant fluctuation between cavities
ELBE 1 (average) 6 (average)

SNS 1 to 6 6 to 36 significant fluctuation between cavities
TINAF FEL 0.6 to 1.3 3.6 to 7.8 center cavities more quiet

TTF 2 to 7 (pulsed) 12 to 42 (pulsed)  significant fluctuation between cavities

) 1h p o Ve A
~3L.opt.ima.l o §Af ﬂ:mmlma‘l N QR/Q fU

« Realistic: 10 Hz to 20 Hz peak detuning
- >Q =3.25:107 ... 6.5:107
« Microphonics compensation is underway...

Cornell University, lthaca New York

E L | Matthias Liepe, ERL 2009 Slide 28 ?
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« Peak cavity detuning is a strong cost driver

— 10 Hz peak detuning should be achievable
* Needs good mechanical cryomodule design

 Need to address / quantify substantial differences in
microphonics levels beween individual cavities!

= Q. =6.5-107

« Much higher Q_ > 108 is not much more beneficial:

— Extra power required for beam loading from path length
errors, turn on transients, ...

|
E L Matthias Liepe, ERL 2009 Slide 29 .

) ik Cornell University, Ithaca New Yark
Fromuse for a o IJi.'e."_,'.'!.'.'l'J': 3
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Cornell University, lthaca New York ¥ an e

......

E L Matthias Liepe, ERL 2009 Slide 30 ‘.‘
Frowmise for a brighter futire.

June 24, 2009 USPAS 2009, S. Belomestnykh, Lecture 7: Systems engineering 29



¥ Cornell University

\%;; Laboratory for Elementary-Particle Physics COSt VS. fundarner]tal mOde R/Q

« Cavity design should

1 . o
— construction be optlmlzed for low
===10 yr operation .
0.8~ cryogenic losses of the
i fundamental mode.
g ,
%04 « Few % decrease Iin
5 (R/Q)G tolerable if
0.2 cmmomede modified cell shape
Improves HOM
0 . . .
45 50 55 60 damping significantl
TMO010 (R/Q)/cell [ £2] p g g y
E L Matthias Liepe. ERL 2009 Slide 31 A
i bt i Cornell University, Ithaca New Yark oratied
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3 6
ey 10 | | | ;
= construction
25 3 e 4 o 7 cell ° 6
\ 10 yr operation . 8 cell é Monopoles :
@ o9cell | ¢& e
Q 2 104 ce %o . :
2 ] b 0 §
N15 & 0
E S 8 a0 %
o 1 o O
) [ ]
0.5 * o | o o ©
ol [TTTTTpTEm ey ———— 1500 2000 2500 3000 3500 4000
0 2 4 6 8 10 frequency [MHZ]

Cells per Cavity

« >6 cells per cavity desirable, if OK with BBU limit
— Q and R/Q of HOMs will increase with number of cells

— Risk of trapped modes with very high Q increases as
(number of cells)?

E L | Matthias Liepe, ERL 2009 Slide 32 ?

Cornell University, lthaca New York
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« Goal of the game is to bring down the BBU
figure of merit (R/Q)Q/f for the worst HOMs

— For longer linacs: also (R/Q)G for fundamental
mode important to minimize cryo-losses

e BUT:
— Real HOM absorber ?-( iIdeal absorber

— Real cavity 7-‘ iIdeal cavity, as designed!

E L Matthias Liepe, ERL 2009 Slide 33 *

Cornell University, lthaca New York
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10°
O ¢’=25¢"=-8 u'=1u"=0
. X £=10e"=-01u=25u"=5 O o
N © |deal absorber
I 4
¢ 10 8
“E 90 o o v Sf
=10’ oo P o & &
4= 7—0_%’:@ = . &
g PO pp a x—
T 102 K4 o) Q
x & ﬁi-». ~
=~ —n = °
00 X Oy O x§
10’ go & a cﬁ(xoo X0
9500 2000 2500 3000 3500
f [MHZ]
BL Wathias Lispe, ERL 2008 Side 34 4
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« Small cavity shape deformations introduce HOM
frequency spread between cavities (good)

« But: they also influence the R/Q and Q of the HOMs
(bad)!

— Factors of 10 to 100 increases in real cavities have been
observed for certain HOMs at TTF/FLASH and JLAB!

* To study this, we did set up parallel computing of
HOMSs in non-ideal cavities with CLANS/CLANS2
(cluster with 120 parallel processor cores)

E L | | Matthias Liepe, ERL 2009 Slide 35 ,

Cornell University, Ithaca New York
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deformations

- Started by assuming +-1/16 mm random
deformations of all cavity dimensions:

151
= 10F
s _
C o JVYVVVVVL -
ol | | . |
0 50 100 150

X [cm]

» All cavities have been re-tuned for the fundamental
mode frequency and field homogeneity

« Calculated dipole modes a in large number of

deformed (realistic!) cavities to be used in realistic
BBU simulations

Matthias Liepe, ERL 2009 .
E L e b Cornell University, lthaca New York Slide 36 '“{:g.}'
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(100 cavities)

= Significant impact on
BBU threshold current!
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¥ Cornell University

\%;; Laboratory for Elementary-Particle Physics ConCI US- On f Or Step I V

» Cost favors > 6 cells per cavity, if

— HOM damping and BBU threshold current is
sufficient

— R/Q per cell is not lowered too much by
requirement to increase iris diameter for increase
cell-to-cell coupling in many-cell cavities

— Sensitivity to small shape perturbations is under
control

« Cornell ERL: 7-cell cavity with high (R/Q)G

Cornell University, lthaca New York

E L Matthias Liepe, ERL 2009 Slide 38 .
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\\ Cornell University
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« Future might bring:
— Higher Q; (R,.s<10nQ2), lower field emission
= higher optimal field gradients E__,

— New SRF cavity materials (Nb;Sn)

— higher optimal field gradients E_ . higher operating
temperature

— < 5 Hz peak cavity detuning, Q, = 108
— lower RF power, simplified RF input coupler,...

— More cells per cavity??7?
— lower cost

None of these will happen tomorrow, though...

|
E L Matthias Liepe, ERL 2009 Slide 40 +.

Cormnell University, lthaca New York
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G 11 Uni it
Lglggfator;lzaerr;ie):nentary-l’article Physics What have We I ear nm?

= Understand the large picture first!
= Machine parameters are always come first.
= All subsystems are interconnected and very often an iterative process is necessary.

= A carefully set up optimization algorithm and system model can sometimes bring
unexpected results.

= |t is important to be realistic: neither too pessimistic, nor too optimistic.

v Starting with the next lecture we will go step by step through design approaches to
different components and subsystems.
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